One potential application of these arrays is as field emitter arrays for vacuum microelectronic devices. The possibility that large arrays can be self-assembled using simple thin-film processes without the need for expensive lithography makes them interesting for the field emission display industry (14) . Currently, metal field emitters are fabricated using an elaborate process [the Spindt process (7)] involving photolithographic definition of individual emitter wells and the subsequent deposition of the refractory metals to form the periodic arrays of emitters. An intrinsic feature of the Spindt process is the need to carry out expensive micrometer-or submicrometer-scale photolithography, which is not cost-effective for large-area displays. To explore the feasibility of field-assisted electron emission, we obtained PEEM images from these arrays under an applied field of 30 kV/cm and ultraviolet light of energy ϳ5 eV. Because the surface work function of PdO 2 is ϳ3.9 eV (15), the tips were expected to emit electrons under these conditions. The PEEM image (Fig.  4A ) shows a distribution of bright spots with a typical spacing of about 1.5 to 2.5 m, which is consistent with the spacing of the tips as measured from AFM images (Fig. 4B) . The less bright spots are perhaps emission from the edges of the tips. Analysis of bright-field patterns in the PEEM images reveals the bright-field spot density to be ϳ47 ϫ 10 6 tips/cm 2 . This result is consistent with the density of tips determined from the AFM images for the same sample, which we estimate (number of tips of average height and above) to be ϳ46 ϫ 10 6 tips/cm 2 . This density of tips or field emitter cones is well within the specifications for current field emission displays, which require ϳ6 ϫ 10 6 tips/cm 2 (based on current density of 1 A) for each subpixel (50 m by 300 m) for a 15-inch SVGA monitor (14) . To further justify the use of these tips as field emission arrays, we have controlled the tip-to-tip distance, their aspect ratio, and the tip radius by controlling the thickness and grain size of the starting Pd film. Finally, these emitters can be gated using a scheme similar to that used for Si field emitter arrays (5). Femtosecond synchrotron pulses were generated directly from an electron storage ring. An ultrashort laser pulse was used to modulate the energy of electrons within a 100-femtosecond slice of the stored 30-picosecond electron bunch. The energy-modulated electrons were spatially separated from the long bunch and used to generate ϳ300-femtosecond synchrotron pulses at a bendmagnet beamline, with a spectral range from infrared to x-ray wavelengths. The same technique can be used to generate ϳ100-femtosecond x-ray pulses of substantially higher flux and brightness with an undulator. Such synchrotronbased femtosecond x-ray sources offer the possibility of applying x-ray techniques on an ultrafast time scale to investigate structural dynamics in condensed matter.
An important scientific frontier is the application of x-ray pulses to investigate ultrafast structural dynamics (atomic motion and rearrangement) associated with phase transitions in solids, chemical reactions, and rapid biological processes. The fundamental time scale for such motion is an atomic vibrational period, on the order of 100 fs. Such dynamics have been investigated to date primarily with visible pulses from mode-locked femtosecond lasers (1) that probe only extended electronic states providing indirect information about atomic structure. X-rays, on the other hand, interact with core electronic levels and can therefore provide direct information about atomic structure. Rapid advances in our understanding of condensed matter structure at the atomic scale have been driven by modern synchrotrons providing high-brightness x-ray beams (2). However, the time resolution available from synchrotrons is nearly three orders of magnitude too slow to probe atomic motion within a single vibrational period. Recent efforts at applying x-rays to probe structural dynamics have used a synchrotron source combined with a picosecond-resolution x-ray streak camera (3) or relatively low brightness subpicosecond x-ray sources based on laserproduced plasmas (4, 5) , laser-driven diodes (6) , and relativistic Thomson scattering (7, 8) .
We demonstrate the generation of femtosecond pulses at a synchrotron beamline using femtosecond laser pulses (9) , which is a promising approach to extend the time resolution of high-brightness synchrotron x-ray sources to 100 fs and will enable the study of structural dynamics through time-resolved xray diffraction, extended x-ray absorption fine structure (EXAFS), and related x-ray spectroscopies using pump-probe techniques. The duration of x-ray pulses generated by synchrotrons is determined by the duration of each stored electron bunch, typically Ͼ30 ps. Storage of ultrashort bunches of appreciable charge in a ring is problematic because of instabilities arising from bunch-induced wake fields (10) . However, short electron bunches can exist in a storage ring for a limited time. We demonstrate experimentally that a femtosecond laser pulse can be used to create femtosecond time structure on a long electron bunch through energy modulation of an ultrashort slice of the bunch. Femtosecond synchrotron pulses (with a spectral range extending from infrared to x-ray wavelengths) are then generated from the ultrashort electron slice. As the modulation rapidly dissipates because of the dynamics of electrons within the storage ring, the electron bunch completely recovers between laser interactions. Furthermore, because the modulation is created by a femtosecond optical pulse, there is absolute synchronization between the x-ray probe pulses 1 Materials Sciences Division, 2 Accelerator and Fusion Research Division, 3 Advanced Light Source, Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA. 4 Applied Science and Technology Graduate Group, University of California Berkeley, Berkeley, CA 94720, USA.
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The bunch modulation is accomplished by co-propagating a femtosecond laser pulse with the stored electron bunch through a wiggler (Fig. 1A) . The high electric field of the femtosecond laser pulse (ϳ10 9 V m
Ϫ1
) produces an energy modulation in the underlying electrons as they traverse the wiggler (electrons are accelerated or decelerated depending on the optical phase seen by each electron at the entrance of the wiggler). The optimal interaction occurs when the central wavelength of the spontaneous emission from an electron passing through the wiggler,
where L is the laser wavelength, W is the wiggler period, ␥ is the Lorentz factor, and the deflection parameter K ϭ eB o W /2mc (where B o is the peak magnetic field of the wiggler, e is the electron charge, m is the electron mass, and c is the speed of light). In addition, the transverse mode of the laser beam must match the transverse mode of the spontaneous radiation from the electron passing through the wiggler, and the laser spectral bandwidth must match the spectrum of the fundamental wiggler radiation averaged over the transverse mode. Under these conditions, the electron energy modulation ⌬E is given by (9)
where A L is the laser pulse energy, M W is the number of wiggler periods, M L is the laser pulse length in optical cycles [measured full width at half maximum
is the energy spontaneously radiated by a single electron passing through the wiggler (11), ␣ is the fine structure constant, h is Planck's constant, and L ϭ c/ L . The nonzero electron beam size is accounted for by the coefficient emit Ϸ 0.7 in our case (12) . We estimate that a 25-fs laser pulse (FWHM of the intensity) with a photon energy of 1.55 eV and a pulse energy A L ϭ 100 J will produce an energy modulation amplitude ⌬E Ϸ 9 MeV with a wiggler of 19 periods.
If the energy modulation of the ultrashort electron slice is several times as large as the electron beam energy spread, then the modulated electrons can be spatially separated from the rest of the electron bunch, in a dispersive bend of the storage ring, by a transverse distance that is several times the horizontal size of the electron beam (Fig. 1B) . Finally, by imaging the synchrotron radiation from the displaced electrons to the experimental area, femtosecond x-rays can be separated from the long pulse with an aperture (Fig. 1C) . As the electron slice is created through interaction with the laser pulse, the duration of the synchrotron radiation produced by these electrons will be approximately the same as the laser pulse duration. Furthermore, the extraction of an ultrashort slice of electrons leaves behind an ultrashort hole or "dark pulse" in the core of the electron bunch. This dark pulse will appear in the generated x-rays and can also be used for time-resolved spectroscopy.
Our experiments were conducted at the Advanced Light Source (ALS) storage ring operating at E ϭ 1.5 GeV [with a root-mean-square (rms) beam energy spread E ϭ 1.2 MeV (13)] using a wiggler with M W ϭ 19 periods, W ϭ 16 cm, with the gap adjusted to provide a deflection parameter of K Х 13. Femtosecond pulses (laser pulse duration L ϭ 100 fs, A L ϭ 400 J, L ϭ 800 nm, and laser repetition rate ƒ L ϭ 1 kHz) from a Ti:sapphire laser system (14) were synchronized to the storage ring master clock with phase-locking techniques (15) and directed into the main vacuum chamber to co-propagate with the electron beam through the wiggler. Following the interaction region, a mirror deflects the fundamental spontaneous wiggler emission and the laser beam out of the storage ring to enable direct measurements of the temporal and spectral overlap and the spatial mode matching between the laser pulses and the wiggler radiation.
The efficiency of the interaction between the laser and electron beams was monitored by measuring the gain in the laser pulse energy. This gain is equivalent to the single-pass gain of a free-electron laser and is optimum under the same mode-matching conditions described above. The measured spectral dependence of the laser gain ( Fig. 2A , using unamplified pulses from the laser oscillator) as a function of the wiggler emission wavelength (adjusted with the wiggler gap) was compared with the calculated gain based on known parameters of the electron beam (12, 16) . The agreement between the calculated and measured gain indicates that, under proper conditions, the maximum energy exchange indicated by Eq. 1 can be achieved. Figure 2B shows the gain of the amplified laser pulses as a function of the relative time position between the laser pulse and the electron bunch. This is an accurate measurement of the electron bunch length and indicates a duration of 39-ps FWHM (at a bunch current of ϳ3 mA). Typical gain measurements with the amplified beam are ϳ50% of the expected value, and this is thought to be the result of slight phase-front distortions in the amplified femtosecond laser pulses.
Following interaction with a femtosecond optical pulse in the wiggler, the temporal and spatial evolution of the electron distribution within the bunch was determined by the characteristics of the ALS storage ring lattice. The spatial distribution of the central region of the electron bunch (Fig. 3) , following propagation from the interaction region to the bend magnet, was calculated from known lattice parameters (12) . The time-of-flight properties of the storage ring cause electrons with ⌬E Ͻ 0 to follow a shorter path and therefore accumulate toward the head of the bunch, whereas electrons with ⌬E Ͼ 0 follow a longer path and accumulate toward the tail of the bunch. Similarly, the dispersion properties of the ring cause a horizontal displacement (⌬x ϰ ⌬E ) of the energy-modulated electrons. The horizontal separation of electrons occurs only in particular regions of the storage ring with nonzero dispersion, whereas the temporal separation is cumulative around the ring and gives rise to a stretching of the ultrashort electron slice.
Femtosecond synchrotron radiation pulses are generated from the horizontally displaced electrons, whereas the absence of electrons in the central region of the bunch gives rise to a "dark" femtosecond pulse. The time structure of the temporally incoherent synchrotron radiation is directly determined by the time structure of the electron bunch and is invariant over the entire spectrum of the synchrotron emission, from infrared to x-ray wavelengths. We directly measured the time structure of the visible synchrotron emission using cross-correlation techniques. Visible synchrotron light (ϳ2-eV photon energy) from the beamline was imaged onto a nonlinear optical crystal, along with a delayed 50-fs pulse from the laser system. Photons at the sum frequency were counted as a function of delay between the modulating laser pulse (propagating through the wiggler) and the laser pulse used for cross correlation. An adjustable knife edge located in the beamline at an intermediate image plane provides a means for selecting radiation originating from different transverse regions of the electron beam.
A series of cross-correlation measurements was made at various knife-edge positions, in units of the rms horizontal beam size x (Fig.  4) . Measurements of the central core of the synchrotron beam (Fig. 4A) reveal the femtosecond hole or dark pulse that is created because of the acceleration and deceleration of electrons by the laser pulse. The bright pulse is measured with the knife edge at the 3 x position ( Fig. 4B ) such that the central core of the beam is blocked. Measurements at 4 x (Fig.  4C ) reveal a similar femtosecond synchrotron radiation pulse that is shifted slightly later in time, and they demonstrate that the laser pulse provides at least a 6-MeV (⌬x ϭ 4 x corresponds to ⌬E ϭ 5 E ) energy modulation to a femtosecond slice of the electron bunch.
The solid lines in Fig. 4 are based on the model calculation of the electron bunch distribution shown in Fig. 3 . We additionally account for the measured transverse profile of the visible synchrotron light at the image plane, which exhibits non-Gaussian tails beyond 3 x , due to the limited collection aperture of the beamline optics. This diffraction of visible wavelengths accounts for the relatively large background levels in the measurements shown in Fig. 4 , B and C, but is not an issue at x-ray wavelengths (17) . At x-ray wavelengths, the dominant contribution to the background is nonspecular scattering from the beamline optics. Such scattering can be minimized so that the integrated flux in a 100-fs x-ray pulse is ϳ10 times the integrated flux of the 30-ps pulse from which it is extracted (18).
A peak energy modulation of ⌬E ϭ 6.4 MeV is assumed for the model calculation shown in Fig. 4 and is essentially the only free parameter aside from an amplitude scaling of the signal. The energy modulation is consistent with that predicted by Eq. 1 with the measured laser pulse energy and duration, with an interaction efficiency of ϳ50%, as indicated by the measured gain. The agreement between the theoretical predictions and the experimental measurements (including the amplitude of the dark pulse, the time shifts of the bright pulses, and the signal-to-background ratios) indicates that the model can be confidently applied to predict the characteristics of the femtosecond x-rays and their dependence on experimental conditions. The location of the bend-magnet beamline used in these demonstration experiments is less than optimum because of the distance from the wiggler in which the interaction between laser and electron occurs. For a bend magnet located immediately following the wiggler (as shown in Fig. 1 ), the stretching of the electron distribution due to time-of-flight effects will be reduced by a factor of 3, resulting in an x-ray pulse duration of ϳ100 fs. In addition, the temporal structure of the electron distribution will give rise to the emission of a single-cycle infrared pulse ( o ϳ 120 m) that is spatially and temporally coherent (12, 19) .
The average flux and brightness of the femtosecond x-rays can be determined from the full beamline flux and brightness scaled by three factors: 1 ϭ L / e , 2 ϭ ƒ L /ƒ B , and 3 Ϸ 0.2, where L and e are the laser pulse and electron bunch durations, respectively; ƒ L and ƒ B are the laser and electron bunch repetition rates, respectively; and 3 accounts for the fraction of electrons that are in the proper phase of the laser pulse to get the maximum energy exchange suitable for creating the large transverse separation. Synchrotron radiation damping provides for recovery of the electron beam between interactions. As the laser interacts sequentially with each bunch, the time interval between interactions is given by N B /ƒ L , where N B is the number of bunches in the storage ring. Furthermore, because the bunch slice is only a small fraction of the total bunch, an interaction interval of ϳ3 ms [30% of the storage ring damping time (13) ] is sufficient to allow recovery of the electron beam between laser interactions (9) . Thus, with 300 bunches in the storage ring, femtosecond x-rays can be generated at repetition rates as high as 100 kHz without adversely affecting the other beamlines at the ALS. On the basis of the known parameters of an ALS bend magnet and undulator at a beam energy of 1.9 GeV (13, 20) , with 1 2 3 Ϸ 10 Ϫ8 (for example, laser pulses of 25 fs, 100 J at 20 kHz), we expect an average femtosecond flux from a bend magnet of ϳ10 5 The generation of femtosecond x-rays is an important capability for third-generation synchrotron sources and promises to be a powerful tool for investigating ultrafast structural dynamics in materials. As this approach creates femtosecond time structure on the electron beam, standard radiating devices (bend magnet, wiggler, or undulator) can be designed to emit femtosecond x-ray pulses with the desired properties (bandwidth, tunability, brightness, and so forth). The x-ray flux and brightness levels available from such a femtosecond synchrotron source will enable a wide range of x-ray techniques, including diffraction and EXAFS, to be applied on a 100-fs time scale to investigate atomic motion associated with phase transitions in solids, making and breaking of bonds during chemical reactions, and possibly ultrafast biological processes. beamline is more than sufficient to accurately image the source (electron beam) without being limited by diffraction. 18. Measurements of the electron beam profile at the ALS verify that it follows a Gaussian distribution out to 5 x , corresponding to a background level of ϳ10 Ϫ6 . Measurements of the x-ray beam profile at the image plane of a toroidal imaging mirror demonstrate that the nonspecular scattering in the horizontal plane can be suppressed to ϳ10 Ϫ4 of the peak specular intensity. 19. The field of the coherent single-cycle infrared pulse will correspond exactly to the solid line in Fig. 4A (minus the constant offset), and the flux will scale as the square of the number of absent electrons in the hole or dark pulse. 20. At 1.9 GeV, the average flux from an ALS bend magnet is ϳ2 ϫ Microstructured particles were synthesized by growing colloidal crystals in aqueous droplets suspended on fluorinated oil. The droplets template highly ordered and smooth particle assemblies, which diffract light and have remarkable structural stability. The method allows control of particle size and shape from spheres through ellipsoids to toroids by varying the droplet composition. Cocrystallization in colloidal mixtures yields anisotropic particles of organic and inorganic materials that can, for example, be oriented and turned over by magnetic fields. The results open the way to controllable formation of a wide variety of microstructures.
The study of colloidal crystals has provided important fundamental insights into colloidal forces and self-organization (1, 2) , and the crystals have promise as precursors for advanced materials. Closely packed crystals display a number of potentially usable characteristics such as light diffraction and photonic band gaps (2-4), high packing density and surface-to-volume ratio, maximal structural stability, and high catalytic/reactivity throughput. A major barrier to technological application of these structures is the lack of simple, easily controlled methods for mounting or shaping the crystals into usable solid objects.
Here we describe a method to template closely packed colloidal crystals into porous 
